Background: Evidence regarding the risk of end-stage osteoarthritis following cruciate ligament reconstruction is based
annual volume of cruciate ligament reconstruction of twelve or fewer cases per year (hazard ratio, 2.53; p < 0.001), and cruciate ligament reconstruction undertaken in university-affiliated hospitals (hazard ratio, 1.51, p = 0.008) increased the odds of knee arthroplasty; however, male sex (hazard ratio, 0.63; p = 0.001) and patient age of less than twenty years (hazard ratio, 0.07; p = 0.009) were protective. Concurrent meniscal repair or debridement did not increase arthroscopy risk.
Conclusions: After fifteen years, the cumulative incidence of knee arthroplasty following cruciate ligament reconstruction was low (1.4%); however, it was seven times greater than the cumulative incidence of knee arthroplasty among matched control patients from the general population (0.2%). Older age, female sex, higher comorbidity, low surgeon annual volume of cruciate ligament reconstruction, and cruciate ligament reconstruction performed in a universityaffiliated hospital were factors that increased knee arthroplasty risk.
Level of Evidence: Prognostic Level III. See Instructions for Authors for a complete description of levels of evidence.
E vidence pertaining to the risk of osteoarthritis following cruciate ligament reconstruction is conflicted. A recent systematic review showed the prevalence of osteoarthritis following anterior cruciate ligament reconstruction to be 29% to 51% at a minimum ten-year follow-up 1 . However, the authors of this systematic review noted that, among the highestquality studies (as determined by a modified version of the Coleman methodology score 2 ), the prevalence of osteoarthritis at a minimum ten-year follow-up was only 0% to 13% 1 . The authors also criticized the existing literature for its heterogeneity, small sample sizes, and the use of radiographic, rather than clinical, criteria to diagnose osteoarthritis 1 . There remains a need to determine the risk of end-stage osteoarthritis following cruciate ligament reconstruction and to evaluate long-term patient symptoms and function using meaningful osteoarthritis outcome measures.
A commonly performed and effective surgical intervention for end-stage osteoarthritis is prosthetic knee arthroplasty, including total knee arthroplasty and unicompartmental knee arthroplasty 3 . The indications for arthroplasty are largely clinical and include patient symptoms, patient function, and failure of alternative non-surgical and surgical interventions. For these reasons, knee arthroplasty is a reasonable surrogate for clinical end-stage osteoarthritis.
In the present study, two matched population cohorts were developed to compare the rate of knee arthroplasty following cruciate ligament reconstruction with the rate of knee arthroplasty in the general population. Moreover, we identified and explored the patient, provider, and surgical factors that increased knee arthroplasty risk following cruciate ligament reconstruction. Exclusion criteria (see Appendix) included age less than sixteen years and age greater than sixty years, non-Ontario residents, nonelective cruciate ligament reconstruction, billing anomalies, prior knee arthroplasty or cruciate ligament reconstruction, and potential confounders of heightened osteoarthritis risk (chondral surgery, lower-extremity osteotomy, or fracture fixation about the knee). Revision cruciate ligament reconstruction cases were also excluded following the introduction of a relevant OHIP billing code on July 1, 2003. Of note, database limitations precluded the exclusion of patients who had undergone posterior cruciate ligament reconstruction prior to 2002. As such, all patients who had undergone cruciate ligament reconstruction (anterior cruciate ligament reconstruction or posterior cruciate ligament reconstruction) were included to lengthen the duration of followup and to capture the infrequent event of knee arthroplasty.
Materials and Methods

Control Cohort Development
Case patients were randomly matched to five control patients from Ontario, Canada. Control subjects met the aforementioned exclusion criteria, had valid OHIP coverage, and were matched to the corresponding case patient on the basis of patient demographic variables (age [within one year], sex, income quintile, urban or rural address, and comorbidity score). A case patient was ''unmatched'' if five control patients sharing similar demographics could not be identified.
Main Outcome
The main outcome was knee arthroplasty (total knee arthroplasty or unicompartmental knee arthroplasty) and was identified using OHIP fee codes (see Appendix). Laterality was not available for the index event or the main outcome.
Covariates
Available patient, surgical, and provider factors were considered in the analysis.
Patient factors included age, sex, neighborhood income quintile, comorbidity score, and residence. Neighborhood income quintile was calculated through an established technique with use of Statistics Canada census data 5 .
Patient comorbidity was estimated with use of the Collapsed Aggregated Diagnosis Groups (CADG) method 6 . Specifically, CIHI databases and International Classification of Diseases (ICD) codes were used to identify comorbid conditions associated with admissions to Canadian hospitals within two years of the index event. On the basis of the number of comorbid conditions, patients were then assigned an overall CADG score and were assigned to one of two categories: 0 to 4 points and ‡5 points 7 . The postal code for each patient was used Peer Review: This article was reviewed by the Editor-in-Chief and one Deputy Editor, and it underwent blinded review by two or more outside experts. It was also reviewed by an expert in methodology and statistics. The Deputy Editor reviewed each revision of the article, and it underwent a final review by the Editor-in-Chief prior to publication. Final corrections and clarifications occurred during one or more exchanges between the author(s) and copyeditors. *The values are given as the number of patients. †The values are given as the median, with the interquartile range in parentheses. ‡The differences were significant at p < 0.05. §The values are given as the percentage of patients.
to determine urban or rural residence. Of note, age categories were determined a priori and were used for ease of interpretation (sixteen to nineteen years, twenty to twenty-four years, twenty-five to twenty-nine years, thirty to thirty-four years, thirty-five to thirty-nine years, forty to forty-nine years, and fifty to sixty years). Provider factors included surgeon annual volume of cruciate ligament reconstruction and hospital academic status. The surgeon for each index event was identified anonymously, and the number of cruciate ligament reconstructions performed in the year preceding the index event (July 1 to June 30) was determined. Volume categories were determined a priori on the basis of clinical relevance (none, one to twelve, thirteen to fifty, fifty-one to 100, and more than 100 cruciate ligament reconstructions per year) 8 . The index hospital was categorized as either university-affiliated (active in research and/or health-care professional training) or non-university-affiliated on the basis of membership in the Council of Academic Hospitals of Ontario (www.caho-hospitals.com).
Surgical factors included concomitant meniscal surgery, specifically meniscectomy or meniscal repair (see Appendix). Database limitations precluded the identification of meniscal tears treated nonoperatively.
Statistical Analysis
An overall knee arthroplasty event rate per 1000 person-years was calculated for each cohort and was compared via t test. Within the case cohort only, a t test (continuous variables) or chi-square test (categorical variables) was used to compare demographics between the group of patients who underwent knee arthroplasty and the group of patients who did not.
A Kaplan-Meier survival analysis (index event to censorship) was generated for each cohort and was compared with use of a log-rank test. Both the survival rate and the cumulative incidence (the inverse of the survival rate) at two, five, ten, and fifteen years from the index event (case cohort) or study inclusion (control cohort) were calculated. Censorship included knee arthroplasty, death, emigration, loss of OHIP coverage, and study end (March 31, 2012).
Two Cox proportional hazards models were calculated. The first Cox model (only matched case and control patients) quantified the magnitude of effect for cruciate ligament reconstruction as a risk factor for knee arthroplasty. The second Cox model (all case patients) identified factors that influenced knee arthroplasty risk following cruciate ligament reconstruction. Unmatched case patients were included in the second Cox model to minimize bias from their exclusion. Reference values for either Cox model were the median (reference age, twenty-five to twenty-nine years; reference quintile, third) or most common categories (reference sex, male; reference comorbidity score, CADG 0 to 4; reference hospital status, non-university affiliated). The reference surgeon volume category (more than 100 cruciate ligament reconstructions per year) was selected on the basis of evidence in the orthopaedic literature that *The values are given as the hazard ratio, with the 95% CI in parentheses. †Significance was set at p = 0.05.
correlates superior outcomes to higher surgeon volume [9] [10] [11] . The Cox models generated hazard ratios (HRs) with 95% confidence intervals (95% CIs). All statistical analyses were performed with use of SAS version 9.1 for UNIX (SAS Institute, Cary, North Carolina) and significance was set at p = 0.05.
Source of Funding
The entire study was funded by an internal source through the Arthritis Research Unit at the Toronto Western Hospital (University Health Network) in Toronto, Ontario, Canada. Four authors of this study (D.O.-H., J.C., R.G., and N.M.) are employees at Toronto Western Hospital and affiliates of the Arthritis Research Unit. Funds were used to pay for administration fees, analyst salaries, and data storage fees at the Institute for Clinical Evaluative Sciences.
Results
W
, twenty to thirty-six years), and the distribution of patient age was significantly skewed to a younger age (p < 0.001) (see Appendix). Moreover, 65% of case patients were male (p < 0.001), 89% lived at an urban address (p < 0.001), and the great majority (99.9%) had few medical comorbidities (CADG, 0 to 4) (p < 0.001). Notably, the number of cruciate ligament reconstructions performed annually increased significantly from 1626 procedures in 1994 to 2799 procedures in 2007 (p < 0.001) (see Appendix).
We matched 151,362 individuals from the general population to 30,277 patients from the case cohort; there were twenty-four unmatched case patients. The twenty-four unmatched case patients were compared with the 30,277 matched case patients. There was a significant difference in age (p = 0.04) between unmatched case patients (median, thirty-three years [IQR, twenty-seven to forty years]) and matched case patients (median, twenty-eight years [IQR, twenty to thirty-six years]). There was also a significant difference (p < 0.001) in comorbidity score (CADG, ‡5 points) between unmatched case patients (95.8%) and matched case patients (0%). In addition, there was a significant difference (p < 0.001) in rural address between unmatched case patients (33.3%) and matched case patients (10.7%). There were no significant differences with respect to the distribution of sex or income quintile. Kaplan-Meier (KM) survival curve of knee arthroplasty: case versus control cohorts. The y axis depicts survival, specifically the fraction of patients who have yet to be censored from the study (knee arthroplasty, death, emigration, or study end), and the x axis depicts the number of years since the index cruciate ligament reconstruction (case cohort) or study enrollment (control cohort). The difference in the event-free survival rate between case and control patients was significant (p < 0.001).
During the follow-up period, the matched case cohort had 209 knee arthroplasty events, 181 (86.6%) of which were total knee arthroplasties, and the control cohort had 125 knee arthroplasty events, 111 (88.8%) of which were total knee arthroplasties. The overall knee arthroplasty event rate per 1000 person-years was 0.68 (95% CI, 0.59 to 0.78) for the matched case cohort and 0.10 (95% CI, 0.08 to 0.12) for the control cohort (p < 0.001). According to the first Cox model, patients who underwent cruciate ligament reconstruction had significantly increased odds (p < 0.001) of undergoing knee arthroplasty at a later date (HR, 7.26 [95% CI, 5.79 to 9.11]). Moreover, the cumulative incidence of knee arthroplasty at two, five, ten, and fifteen years was greater among case patients as compared with control patients (Table I) , and the log-rank test revealed a significant difference in the case and control Kaplan-Meier survival curves (p < 0.001) (Fig. 1) . Among the case cohort, the median time to knee arthroplasty following cruciate ligament reconstruction was 11.0 years (IQR, six to fourteen years).
Among all 30,301 patients who had undergone cruciate ligament reconstruction, there were 212 knee arthroplasty events. Among those case patients who underwent knee arthroplasty, the median age at the time of cruciate ligament reconstruction was forty-two years (IQR, thirty-five to forty-seven years), and the median age of case patients who did not undergo knee arthroplasty was twenty-eight years (IQR, twenty to thirty-five years) (p < 0.001). There were also significant differences in sex, comorbidity score, surgeon volume, and year of the index event (Table II) .
The second Cox model (all case patients) revealed that older patient age, female sex, higher comorbidity score, low annual surgeon volume, and cruciate ligament reconstruction performed at a university-affiliated hospital increased knee arthroplasty risk (Table III) . Neither meniscal repair or meniscal debridement performed concurrently with the index event increased the risk of knee arthroplasty following cruciate ligament reconstruction in this cohort (Table III) .
Discussion
T he cumulative incidence of knee arthroplasty at fifteen years following cruciate ligament reconstruction was low (1.4%); however, it was sevenfold greater than the cumulative incidence of knee arthroplasty among a matched control cohort from the general population. This is an important finding that is not only based upon the largest data set of its kind to date, but is also reflective of general orthopaedic practice.
A notable limitation of past studies has been the use of radiographic classification systems to diagnose osteoarthritis. In the available literature, seven different classification methods have been used in either isolation or combination 1, [12] [13] [14] [15] [16] . A major downfall of this approach is that radiographic evidence of osteoarthritis may not reflect patient symptomatology, nor does it dictate surgical treatment.
The main outcome in this study was knee arthroplasty, a reasonable surrogate for both symptomatic and radiographic end-stage osteoarthritis. Certainly, our finding that patients who have undergone cruciate ligament reconstruction are at an increased risk of arthroplasty as compared with the general population is interesting; however, we found that the cumulative incidence of knee arthroplasty among patients who had undergone cruciate ligament reconstruction was in keeping with a recent systematic review suggesting that osteoarthritis prevalence among patients who had undergone cruciate ligament reconstruction was low 1 . Unfortunately, heterogeneity in past studies, particularly osteoarthritis diagnosis, precluded our attempts to draw any further reliable comparisons to the literature.
In this study, older age, female sex, higher comorbidity score, low surgeon volume (cruciate ligament reconstruction), cruciate ligament reconstruction undertaken in universityaffiliated hospitals, and an earlier cruciate ligament reconstruction year increased the likelihood of knee arthroplasty following cruciate ligament reconstruction. However, young age and male sex were associated with a decreased likelihood of arthroplasty. Several of these findings are consistent with previously identified risk factors, including age [17] [18] [19] [20] [21] [22] and sex 17, 23 . Not surprisingly, patients who underwent cruciate ligament reconstruction earlier in the study were at increased risk of undergoing arthroplasty. Unfortunately, cruciate ligament reconstruction technique could not be evaluated in this study.
The finding that provider factors such as surgeon volume and hospital status influence osteoarthritis risk following cruciate ligament reconstruction is novel. The relationship between low surgeon volume and poor outcomes has been well documented in elective orthopaedic surgery practice [9] [10] [11] . With respect to cruciate ligament reconstruction, a 2009 population study failed to correlate reoperation following anterior cruciate ligament reconstruction with low surgeon volume, and the authors postulated that this may reflect the propensity for higher-volume surgeons to take on more complex cases 24 . In contrast, we demonstrated that cruciate ligament reconstruction performed by high-volume surgeons translates into a lower risk of eventual knee arthroplasty, and we believe that this finding reflects an underlying relationship between experience and technical proficiency.
The observation that osteoarthritis risk is elevated following cruciate ligament reconstruction performed in a university-affiliated hospital is more difficult to interpret. It may be that this relationship reflects a difference in patient practice and a tendency for university-affiliated orthopaedic surgeons to take on more complex cases, but the potential negative influence of the surgical trainee on cruciate ligament reconstruction outcomes, specifically osteoarthritis, must also be considered. In fact, current evidence suggests that the learning curve for arthroscopy is considerable 25 , and most trainees are more comfortable with open rather than arthroscopic procedures at graduation 26 . The relationship between meniscal pathology and osteoarthritis development has been extensively studied 27 . In the present study, meniscal repair did not influence knee arthroplasty risk, a finding consistent with the current literature 18, 28, 29 .
However, many studies have demonstrated that meniscectomy performed with cruciate ligament reconstruction is a risk factor for the development of osteoarthritis [18] [19] [20] 22, 23, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , including a
systematic review that found the prevalence of osteoarthritis following meniscectomy and cruciate ligament reconstruction to be 21% to 48% 1 . Our data do not support a relationship between cruciate ligament reconstruction with meniscectomy and an increased long-term arthroplasty risk. The discrepancy between past and present data could be explained by a difference in osteoarthritis diagnosis, small sample sizes in previous studies, or a variation in the amount of meniscus resected. In fact, osteoarthritis risk following total meniscectomy is increased as compared with partial meniscectomy 41 , and a notable limitation of past studies (including our own) is the failure or inability to report meniscectomy details.
There were several limitations to this study. 43 . Despite the fact that primary posterior cruciate ligament reconstruction and revision cruciate ligament reconstruction represent <2% of all cruciate ligament reconstruction cases included in this study, their potential influence on the study findings is unknown. A potential resolution to this limitation would be the inclusion of only anterior cruciate ligament reconstruction cases after 2003; however, this would have lessened the follow-up period, the sample size, and our ability to detect what we have shown to be a significant, yet uncommon, event.
Another limitation of this study was the unknown influence of the cruciate ligament reconstruction technique. We demonstrated that patients managed early in the study had a higher incidence of subsequent arthroplasty, and the potential influence of previously used techniques cannot be ignored. The cruciate ligament reconstruction technique has evolved since 1993, and it is possible that modern techniques could diminish osteoarthritis risk. Unfortunately, a comparison between outdated and modern cruciate ligament reconstruction techniques was beyond the scope of this study.
The influence of chondral injury on the development of osteoarthritis following cruciate ligament reconstruction is an important consideration. Although we could not directly study this relationship, given the limitations of our databases, we did attempt to exclude patients with a history of surgery that would potentially increase osteoarthritis risk, such as chondral or meniscal surgery. Despite this, it remains possible that both case and control patients who underwent knee arthroplasty had increased chondral pathology and/or preexisting osteoarthritis at the time of study inclusion, and that the difference in native knee survivorship between the case and control cohorts can be accounted for by a difference in the rate of chondral pathology and/or preexisting osteoarthritis at the time of study inclusion.
The utilization of knee arthroplasty in the treatment of end-stage osteoarthritis can be influenced by social, demographic, medical, and geographic factors. Despite similar disease severity, studies have shown that older 44 , male 45 patients from a higher socioeconomic status 46, 47 are more likely to undergo total knee arthroplasty. In Canada, health-care resources can also influence total knee arthroplasty utilization rates, as exemplified by the dramatic increase in total knee arthroplasty volumes that followed the Ontario Wait Times Strategy initiative in 2004 48 . In this study, we controlled for utilization factors by developing a comparison matched cohort; however, patient age remains an important influence on our study findings. Specifically, surgeons are less inclined to perform knee arthroplasty in younger patients, and given that patients in our study were younger than the typical patient undergoing arthroplasty, we may have underestimated the burden of disease. Furthermore, our follow-up period was limited to fifteen years, and although we found older patients to be at increased knee arthroplasty risk within this time period, a considerably longer follow-up is needed to determine the overall knee arthroplasty risk among younger patients undergoing cruciate ligament reconstruction. Nevertheless, the use of a matched cohort diminishes intra-cohort utilization factor influence on eventual knee arthroplasty, and the best interpretation of our findings is in the comparison between the case and control cohorts.
The development of osteoarthritis following cruciate ligament injury is asymmetric 49 . In this study, unicompartmental knee arthroplasty was included in the main outcome to account for this possibility, although we have demonstrated that it is a relatively uncommon procedure as compared with total knee arthroplasty. In fact, >85% of all knee arthroplasty procedures identified in this study were total knee arthroplasty, and there was no difference in the distribution of total knee arthroplasty and unicompartmental knee arthroplasty events in both the case and control cohorts.
Two additional limitations were inherent to this type of study. First, it was possible that some surgical cohort or control cohort patients elected to undergo arthroplasty in a jurisdiction outside of Ontario. However, patients would have paid for this surgery out-of-pocket, and we presume that this is an infrequent occurrence. Second, determination of the involved side was not possible in this study, and the study findings reflect contributions from the ipsilateral involved knee and the contralateral knee. A careful matched cohort study design and the exclusion of patients with prior cruciate ligament reconstruction or knee arthroplasty minimized this influence; however, the baseline rate of knee arthroplasty in the cruciate ligament reconstruction cohort may be inflated secondary to contributions from the contralateral side. The comparative risk between case patients and control patients is the most accurate interpretation of our findings, in which the patients who have undergone cruciate ligament reconstruction are seven times more likely to undergo a knee arthroplasty after fifteen years.
Lastly, the intent of this study was not to uncover the etiology of osteoarthritis following cruciate ligament reconstruction. Rather, the sole intent was to determine knee arthroplasty risk following cruciate ligament reconstruction. Certainly, the initial cruciate ligament injury cannot be overlooked as a causative agent in the development of osteoarthritis following cruciate ligament reconstruction, including chondral injury, and we recognize the importance of drawing comparisons to patients who are cruciate ligament-deficient, but do not undergo reconstruction to make such claims. Unfortunately, this was beyond the scope of our study.
In conclusion, after fifteen years, the cumulative incidence of knee arthroplasty following cruciate ligament reconstruction was low (1.4%); however, it was seven times greater than the cumulative incidence of knee arthroplasty among a cohort of matched control patients from the general population. Factors that increase risk include older age, female sex, higher comorbidity, low surgeon volumes, and treatment at university-affiliated hospitals. Meniscal surgery, including debridement and repair, did not increase arthroplasty risk.
